Vibration energy harvesting is widely recognized as the useful technology for saving energy. The piezoelectric energy harvesting device is one of energy harvester and is used to operate certain types of MEMS devices. Various factors influence the energy regeneration efficiency of the lead zirconate titanate piezoelectric (PZT) devices in converting the mechanical vibration energy to the electrical energy. This paper presents the analytical and experimental evaluation of energy regeneration efficiency of PZT devices through impedance matching method and drop-weight experiments to different shape of PZT devices. The results show that the impedance matching method has increased the energy regeneration efficiency while triangular shape of PZT device produce a stable efficiency in the energy regeneration. Besides that, it becomes clear that the power, energy and subsequently efficiency of the triangular plate are higher than those of the rectangular plate under the condition of the matching impedance and the same PZT area.
Introduction
In recent years, solutions for the environmental and energy problems correspond to the increment of power demand all over the world have become a great interest of research. One of the solution methods that highly recommended by literature is by doubling our efforts in research and development on renewable energy technology. Wind, solar, thermal, vibration and many other types of energies are always available and they do not adversely affect the environment. To date, for example, solar, thermal and wind energy have successfully been converted to usable electrical energy and used in various industrial and home appliance products [1] - [3] , while vibration energy has yet to become an alternative source of energy for self-powered system. Conversion of vibration to electrical energy is possible using piezoelectric, electromagnetic and electrostatic based devices [4] . It is stated in [5] that, generally, electrostatic device is able to produce electrical energy up to 2% of efficiency while electromagnetic device according to [6] , it can generate electrical power up to 1.4 mW with 25% efficiency. A lot of efforts are being introduced to optimize the energy output of every device mentioned in above. In case of piezoelectric device, analytical analysis on the vibration energy regeneration efficiency of the devices is proposed by Adachi et al. in [7] . Kong et al. in [8] presents a resistive impedance matching circuit for vibration energy harvesting. It is proven that impedance matching circuit can be utilized for optimization of energy conversion. In [9] the authors work on sensor shape design and in [10] structure of the device has been focused for the optimum energy output. Another factor that can contribute to the variation in the output level of the vibration energy harvesting system is the power conditioning circuits. This topic has been discussed in [11] and a detail summary can be found in [12] .
With the recent surge of micro scale devices, piezoelectric power generation can provide a convenient alternative to traditional power sources used to operate certain types of sensors/actuators and MEMS devices. However, the energy produced by these materials is in many cases far too small to power an electrical device.
This paper presents the evaluation of vibration energy regeneration efficiency of PZT devices which is produced through impedance matching approach and by different shape of PZT devices. In addition to these, energy regeneration efficiency of PZT devices under the same PZT area and matching impedance is also evaluated analytically and experimentally.
Impedance Matching of PZT Device

Power and Energy Generation with PZT Devices
Impedance matching is one of the methods to increase power and energy output of PZT device power generator. Theoretically, by matching the load impedance with input impedance, maximum power can be delivered from source to the load. Prior to the evaluation on the impedance matching of the four selected bimorph PZT devices, discussion on power and energy generation by all PZT devices will be presented.
To evaluate the power and energy generation by all PZT devices, experimental setup as shown in Figure 1 was built. The experiments were conducted based on the experimental conditions as listed in Table 1 . Relation ship between the resonant frequency, matching impedance and energy is described in the following section.
Impedance Matching for Maximum Power and Energy Generation
In the previous section, discussion on power generation by the PZT devices with fixed load resistor of 10 kΩ has been presented. This section will discuss the impedance matching of PZT devices so that maximum power and energy can be generated. For PZT device A, load resistor was increased gradually from 100 Ω to 3 MΩ. The results of power dissipation by each resistor are shown in Figure 2 . From the figure, maximum power was dissipated by the 12.8 kΩ resistor and maximum energy was generated when resistor is 100 kΩ. Notice that the maximum power and energy are dependent on different value of resistors. From this observation we know that PZT device A has two resonant frequencies.
Next, power spectral density (PSD) of 100 kΩ resistor was plotted. It is clearly can be seen in Figure 3 , the resonant frequency of PZT device A appears at two different frequencies; at 39 Hz and 586 Hz. For PZT device B, C and D, same experiments were conducted and their dissipated voltage's power spectral densities were analyzed. Maximum power and energy for each PZT device were found to be dependent on the load resistors.
Energy Regeneration Efficiency
To evaluate the energy regeneration efficiency of each PZT device, experimental set up as shown in Figure 4 was constructed and ratio of output to input energy was calculated. Note that one end of the cantilever beam was clamped and the other end was free and attached with mass m = 0.1 kg by string. At the rest position, the displacement of the free end is x 0 . The displacement of the free end after the string is cut was measured using laser measuring device while the voltage drop was measured using voltmeter. Without considering the impedance matching results, the load resistor is set to 10 kΩ for all PZT devices. Input energy, output energy and energy efficiency were calculated based on the Equations (1)- (3) . Results are summarized in Table 2 .
Now, based on the impedance matching results, load resistor was replaced with the impedance matching resistor that produced maximum energy for each PZT device. The displacement and voltage drop were measured and recorded. As shown in Table 2 , it is clear that energy regeneration efficiency has increased between 4% to 88% for all PZT devices with the impedance matching resistor.
Energy Regeneration Efficiency of Different Shape PZT Devices
This section will discuss the effect of the shape of PZT device to the energy regeneration efficiency. In the previous section, four different size PZT devices have been tested. Basically, PZT device A, B and D have the same shape. Thus, in this section, to evaluate the effect of the PZT shape on the energy regeneration efficiency, PZT device A and C which having different shapes were used.
Stress, Deflection and Elastic Energy Analysis
Dimension of PZT device C in the cantilever beam structure is shown in Figure 5 . In this figure, W represents the concentrated load that applied on the free end of the cantilever beam. Theoretically, in bending mode, maximum stress is calculated using Equation (4). where, M is bending moment, Z is section modulus, x is distance from the load, b is the width and h is the thickness of the PZT plate. From Equation (4), thickness h is a fixed value, and if ratio of x/b is also fixed, the maximum stress at all points of the PZT plate will become constant. Based on this fact, different from PZT device A which having the maximum stress at the clamped point, PZT device C is the one with the constant value of maximum stress at all points of the plate for which the width b will increase as distance from the free end x in creases.
Further analysis on deflection and elastic energy experienced by both PZT devices was performed. Based on the above analysis, the curvature of PZT device C will be a constant value when concentrated load is applied. Moreover, if compared to PZT device A, the deflection angle of the PZT C is double and this will increase its deflection and the input energy W i , to 1.5 times of that the PZT device A has. The equation that denoted the input energy is shown in equation 1. By looking at the equation, it can be expected that energy regeneration efficiency will become better than what PZT device A has. Another merit point that PZT device C has here is if we look to its volume. By having the same durability, the cost also can be reduced as its volume is half of the PZT device A.
Meanwhile, in terms of elastic energy per unit volume for PZT device A and C, they are denoted by Equations (5) and (6) respectively. 
where y 0 is the maximum deflection, E is the Young's modulus and V is the volume. As mentioned in above, with 1.5 times of maximum deflection and half of the volume, it is clearly can be seen from the equation that PZT device C will be able to absorb 3 times greater externally applied elastic energy than of that the PZT device A would absorb.
Experimental Analysis of Shape Effect
Energy regeneration by PZT device is very much related to the stress that can be generated by the PZT device where we know that deflection is the source for the stress. An increment in the deflection simply can be done by increasing the concentrated load. Therefore, to observe the effects of the shape of PZT plate to the energy regeneration efficiency, an experimental setup as shown in Figure 4 was constructed. The experiments were conducted with load mass which was used as the varying parameter. It was increased gradually from 50 g to 350 g. The output was connected to the impedance matching resistor of each case. Input and output energy data were measured and recorded.
From Figure 6 , it can be seen that both input energy of PZT device A and C increase with quadratic function of the load mass. Besides that, the output energy of PZT device C, as shown in Figure 7 also increases with the same function. Contradict to the rest, the output energy generated by the PZT device A is saturated at low level even the load mass is increased. In terms of energy regeneration efficiency, as can be seen in Figure 8 , the PZT device C marked a stable efficiency at about 5% as the load mass increases when compared to that of the PZT device A.
Shape Effect on Same PZT Area
To experimentally evaluate the shape effects, as illustrated in Figure 9 , PZT devices were attached on the same size of rectangular and triangular plates. The length a, b and c are 59, 30 and 10 mm, respectively. Experimental analyses with step signal input were first carried out and matching impedances for maximum power and energy generation were derived. Initially, free end of the plates were deflected by 3 mm from its origin and then, displacement of the free end and voltage across the load were measured.
The results are as follows; For the triangular plate, resonant frequencies of 185 Hz and 372 Hz generate maximum energy and power with 4 kΩ and 2 kΩ matching impedances respectively. On the other hand, the resonant frequency for the rectangular plate is 104 Hz and its matching impedance is 10 kΩ. Since the resonant frequencies of the triangular plate are higher than that of the rectangular plate, the matching impedances for the triangular plate are smaller than that for the rectangular plate. For the triangular plate, two resonant frequencies were measured. As a result, two matching impedances are obtained.
Next, by using the obtained matching impedances, energy generation efficiency of the plates were experimentally investigated. This time, mass was attached by string to the free end of the plates and after the string was cut, its displacement and instantaneous voltage across the load were measured. The input and output energy for each mass can be calculated from (1) and (2) . Figure 10 and Figure 11 show the input and output energy plots respectively. It can be seen from the plots that both curves are increase quadratically with mass.
Moreover, the calculated efficiency by (3) is shown in Figure 12 . From Figure 12 , since the resonant fre- quency of the triangular plate is higher than that of the rectangular plate, the matching impedances are smaller. As a result, current, power, energy and subsequently efficiency of the triangular plate are higher than that of the rectangular plate.
Conclusion
This paper has successfully evaluated how impedance matching, shape of devices, concentrated mass and forced vibration contribute to the variation of the energy regeneration efficiency of PZT devices. Input and load impedance matching has shown an increment in the energy regeneration efficiency to between 4% and 88%. On the other hand, a stable 5% energy regeneration efficiency was produced by a triangular plate of PZT device while the rectangular plate's efficiency has worsened as load mass increased.
Further analysis on the output of triangular PZT device shows that power, energy and subsequently efficiency of the triangular plate are higher than those of the rectangular plate under the condition of the matching impedance and the same PZT area. 
